Cuprate high-temperature superconductors are archetypal strongly correlated-electron systems, where multiple ordering phenomena, such as stripe order, pseudogap, incommensurate magnetism, and charge order, compete or coexist in an extraordinarily complex phase diagram (1). These diverse orders were discovered with spectroscopic techniques such as X-ray scattering, scanning tunneling microscopy, and angle-resolved photoemission spectroscopy, which probe the charge and spin excitations of an ordered state.
for strongly coupled phonon-mediated superconductors (8) . Recently, the superconducting amplitude mode, or the Higgs mode, was identified in the s-wave superconductor NbN (9) (10) (11) and the d-wave superconductor Bi 2 Sr 2 CaCu 2 O 8+x (12) . To uncover potential couplings to other collective modes, it is necessary to advance from the identification of the Higgs mode to its spectroscopic characterization. Here, we accomplish this goal by a novel phase-resolved nonlinear terahertz spectroscopy technique.
The Higgs mode, in the context of s-wave superconductors, is well understood as the oscillation of the superconducting order parameter Δ at a characteristic frequency 2Δ throughout the momentum space. The absence of charge excitations at energy < Δ inoculates the Higgs mode from significant damping and allows its oscillation to be observed through terahertz transmission (9) . The Higgs mode of a d-wave order parameter, in comparison, is more complicated. The continuous variation of Δ between 0 and Δ max along different directions of the Brillouin zone leads to strong dephasing of the mode. This is compounded by the existence of quasiparticle excitations at arbitrarily low energies, which provide rapid decay channels for the mode and significantly damp the mode (12, 13) . To overcome these difficulties, we adopt a periodic drive scheme to drive the Higgs oscillation at a well-defined frequency. This requires a multicycle, carrier-envelope phase-stable terahertz pulse with a narrow bandwidth as available from superradiant undulator sources. The nonlinear interaction between the electromagnetic radiation and the superconducting condensate causes Δ to oscillate at twice the driving frequency, as has been predicted by the Anderson pseudospin formalism and demonstrated in NbN s-wave superconductors (10, 14, 15) . The oscillatory part of the order parameter, δΔ(2ω), interacts with the driving field and produces a nonlinear current as J(3ω) ∝ δΔ(2ω)A(ω), resulting in third harmonic generation (THG) (10, 15) . In our study, we investigated the THG response of optimally-doped La (T c = 65 K) (for details, see SI). The experiment was performed using 0.7 THz driving frequency at the TELBE beamline at HZDR (16) .
To illustrate the distinct THG response from the Higgs oscillation, we first show the terahertz field transmitted through LSCO(OP45) across T c . Fig. 1(a) - (d) show that while the residual fundamental harmonic (FH) dominates the terahertz transmission above T c , a large amplitude of third harmonic (TH) becomes visible in the transmitted waveform below T c . The
FFT power spectra in Fig. 1(e) show that the FH transmission (I FH ) monotonically decreases with decreasing temperature due to the screening of terahertz frequencies by the superconducting condensate. In comparison, the TH intensity (I TH ) exhibits a maximum below T c , owing to a growing Higgs response. To discriminate against charge density fluctuations which contribute an anisotropic term to THG (17), we performed polarizationdependent measurements. The results reveal a large isotropic component (SI), confirming a dominant Higgs contribution to THG below T c (11, 12, 17) . Finally, to ensure that the Higgs oscillation stays in the perturbative excitation regime, we performed fluence dependence measurements. A more detailed temperature dependence of I TH for the three optimally-doped samples is shown in Fig. 2 Moreover, (I TH /I FH 3 ) 1/4 follows a similar temperature dependence as Δ(T) (Fig. 4(a) ), in agreement with theoretical prediction (15) . This further confirms that the measured THG response arises predominantly from Higgs oscillations.
The lack of any resonance-like peak in I TH /I FH 3 confirms that the 2Δ Higgs mode is heavily damped. Moreover, we can examine the relative phase between the TH response and the FH drive (Φ TH ), which can be extracted from the TH and FH waveforms such as those in Fig. 1(c)(d) . A π/2 phase jump in the Higgs oscillation has been predicted to take place across the temperature where the mode becomes resonantly driven: 2ω = 2Δ(T) (12) . However, strong damping and dephasing in d-wave systems is expected to broaden the phase jump. As shown in Fig. 2(d) -(f), a continuous drift in Φ TH of nearly π/2 is indeed manifested around or above T c in all samples. This is followed, at lower temperature, by an abrupt jump of nearly π in Φ TH . In the context of the 2Δ Higgs mode, the low-temperature regime corresponds to driving below resonance (2ω < 2Δ(T)) while the high-temperature regime corresponds to driving above resonance (2ω > 2Δ(T)). Therefore, the observed phase jump cannot originate from a resonantly driven 2Δ Higgs mode because it jumps in a direction opposite to a resonantly driven oscillator. The small damping underlying the sharpness of the jump also disagrees with this scenario. Instead, the π phase jump is more likely to originate from an underdamped collective mode common to all optimally-doped cuprate thin films. We can immediately exclude collective excitations of the charge order and the pseudogap from this mode, because these competing states are not manifested in optimally-doped cuprates (1).
Furthermore, the universality of the π phase jump in three samples of different material details eliminates sample defects as its origin. These considerations suggest that the mode is a hitherto unreported collective mode, revealed for the first time by Higgs spectroscopy.
The manifestation of the new mode in THG suggests that it is either decoupled from the 2Δ Higgs mode but independently generates TH, or strongly coupled to the 2Δ Higgs mode.
Without loss of generality, we illustrate these two scenarios with two driven-dampedharmonic-oscillators pictures below. Both pictures consist of a driven overdamped harmonic oscillator with a resonance frequency of 2Δ, representing the 2Δ Higgs mode, as well as a driven underdamped harmonic oscillator with a resonance frequency < 2Δ, representing the unidentified new mode. We use the experimentally-determined superfluid density of LSCO(OP45) as the generic form of Δ(T) (Fig. 4(a) ). In addition, we assume that the TH generating TH, the resonance of the underdamped oscillator produces an abrupt π phase jump alongside a narrow peak in I TH , while the overdamped oscillator produces the dominant background in I TH with only a gradual phase shift across its resonance ( Fig.3(a) ). In the second scenario where the two oscillators are strongly coupled and only the 2Δ Higgs mode generates TH, an abrupt jump in Φ TH of somewhat less than π, in a direction opposite to a resonantly driven oscillator, is manifested below T c ( Fig.3(b) ). This peculiar phase jump does not arise from the resonance of any normal modes. Instead, it describes a situation where one normal mode passes through a minimum in its amplitude and switches sign (for details, see SI).
Although more realistic situations such as mode-softening towards T c are neglected in these models, they nevertheless capture the salient features of I TH and Φ TH and can be readily extended to more complicated models. In fact, recent theoretical investigations of the Higgs mode of a d-wave order parameter have revealed additional modes of non-trivial symmetries (4, 6) . Specifically, the anisotropic B 1g and A 2g Higgs modes are normal to the isotropic 2Δ
Higgs mode and are characterized by an energy less than 2Δ. They are expected to be resonantly driven at a lower temperature compared to the 2Δ Higgs mode. To examine this possibility, we extend the independent-oscillators model to the Anderson pseudospin formalism, where we periodically drive the order parameter Δ in the A 1g channel and the B 1g /A 2g channel (SI). With the assumption of a temperature-dependent scattering that overdamps the 2Δ Higgs mode but underdamps the B 1g /A 2g mode (4, 18) , the Anderson pseudospin formalism produces qualitatively similar results to the independent-oscillators model ( Fig. 3(c) ). However, to fully account for the experimentally-observed Φ TH , a finite coupling between the 2Δ Higgs mode and the B 1g /A 2g mode needs to be considered, which is allowed by symmetry (4). Another possibility for the independent new mode is the Bardasis-Schrieffer mode, a collective mode derived also from the superconducting order (4, 19) . The Bardasis-Schrieffer mode originates from subdominant pairing symmetries. It is orthogonal to the Higgs mode and is predicted to have an energy < 2Δ. So far, its only experimental observation was reported in an iron-based superconductor (20) .
Nevertheless, compared to these candidates, the scenario that the new collective mode strongly couples to the Higgs mode is more plausible. In the s-wave superconductor NbSe 2 , the collective mode of the charge density wave order couples to the Higgs mode and allows it to be observed through Raman scattering (21) (22) (23) . In strongly-coupled phonon-mediated superconductors, it has been predicted that a new collective mode with phononic origin can be introduced to the dynamic pair susceptibility function due to strong electron-phonon 
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The authors declare that they have no competing interests. Data and materials availability: All data needed to evaluate the conclusions in the paper are present in the paper and/or the Supplementary Materials. Additional data related to this paper may be requested from the authors. Time (ps) The TH intensity from BSCCO(OD65) is very weak, which can be seen from the extracted TH waveforms in Fig. S3(b) . The temperature dependence of TH intensity shows a monotonically increasing trend towards low temperature. In addition, TH phase shows a gradual π phase shift in a direction opposite to the π phase shift exhibited by optimally doped samples. These dramatically different manifestations of THG might be a result of going from optimal doping to overdoping, but it could also be that BSCCO(OD65) exhibits a more gradual superconducting transition due to sample inhomogeneity. For these reasons, we refrain from making strong interpretations about the BSCCO(OD65) THG results, in particular the TH phase. We measure the residual FH intensity (I FH ) transmitted through the sample as a function of temperature. The FH intensity monotonically increases with temperature due to a decreasing screening effect of the superconducting condensate as temperature increases.
Since the YBCO(OP88) and BSCCO(OD65) samples are thicker than the LSCO(OP45) and DyBCO(OP90) samples, screening effect is more pronounced in these two samples. For BSCCO(OD65), the residual FH intensity is very weak and the signal-to-noise ratio is quite high. Therefore, we perform independent London penetration depth measurement on BSCCO(OD65), from which we obtain the transmission coefficient for 0.7 THz. The FH intensity shown in this figure provides the normalization factors in Figure 2 and Figure In the case that the two oscillators are coupled, we have additional parameters defined as ω c1 = (K/m 1 ) 1/2 and ω c2 = (K/m 2 ) 1/2 . The solution of the normal modes of the coupled system is given by
where det is the determinant of the 2 × 2 matrix above.
To arrive at we include the screening by a temperature-dependent driving amplitude ( ) (given by I FH (T) 1/2 ) and a temperature-dependent damping modeled by a relaxation time ( ) in the follows from experimental observation of a diverging pair-breaking rate as T approaches T c (7, 8) .
Finally, the Bloch equation reads
We numerically solve the Bloch equation self-consistently together with the gap equation. To obtain the THG intensity in the same polarization direction as the electromagnetic field, we evaluate ∝ | | , where the nonlinear current is
For the results shown in To illustrate that the TH response of the Higgs mode reveals Δ, we plot the unscreened TH intensity, (I TH /I FH 3 ) 1/4 , alongside the superfluid density extracted from independent London penetration depth measurements, against temperature. We extract the superfluid density from a 1/ω fit to σ 2 , which is measured in the 0.22 THz -0.37 THz frequency range using a continuous-wave Mach-Zehnder interferometry for LSCO(OP45) and DyBCO(OP90), and in the 0.5 THz -2.5 THz frequency range using time-domain THz transmission spectroscopy for BSSCO(OD65). We note that the superfluid density in BSCCO(OD65) does not drop to zero at T c. This might be due to the inhomogeneity of the sample which leads to a broad distribution of T c .
